Abstract-In this paper, the first wide-band MEMS capacitive switch using non-toxic liquid metal, Galinstan, is reported. Controlled movement of Galinstan in a micro-channel alters the impedance of a coplanar waveguide (CPW) line from 50Q (off-state) to an effective RF short circuit (on-state). The RF short circuit in particular is achieved when a slug of Galinstan capacitively connects the center conductor with the ground planes of the CPW line. Galinstan is reliably manipulated by surrounding it with Teflon solution. Because of Teflon, no residual liquid metal is observed when Galinstan moves. In addition, the Teflon solution has insignificant RF loss and therefore does not adversely affect the switch loss in its off-state even up to 1OOGHz.
I. INTRODUCTION
Conventional RF MEMS shunt capacitive switches are based on controlling a shunt capacitance formed between a fixedfixed bridge/plate and their transmission line. In the up-state the bridge/plate presents a very low parasitic capacitance with minimal impact on the RF signal. On the other hand, the downstate capacitance is sufficiently high (typically 2-6 pF) to create an equivalent short circuit in the frequency band of operation [1] . While capacitive switches avoid reliability issues caused by direct metal-to-metal contact, they suffer from dielectric charging and metal-to-dielectric contact issues [2] .
Recently, a liquid metal shunt capacitive RF MEMS switch was proposed [3] as an alternative technology path. The design has substantially improved on/off capacitance ratio by moving a liquid metal droplet completely away from the RF path. Furthermore, it has the potential of considerably improved power handling due to the liquid's conformability over the solid surfaces. Despite these advantages, a toxic liquid metal (mercury) was utilized because of its low adhesion to metallic and dielectric surfaces. This property renders mercury an ideal liquid metal because no residue is found when mercury is moved from one location to another. Mercury, however, is highly undesirable even in very low quantities because of its high toxicity. For this reason, we propose an improved liquid metal switch implementation in this paper by employing a nontoxic liquid metal. 
II. DEVICE DESIGN
The chosen nontoxic and environmentally safe liquid metal is a commercially available liquid called Galinstan, which is a eutectic alloy of gallium, indium and tin [4] . It is liquid at room temperature with melting point at -19°C which is slightly above mercury's -38.83°C. The boiling point of Galinstan, 1300°C, is higher than mercury's, 356.73°C, which makes Galinstan a good candidate for high power and temperature applications. Due to its non-toxicity, it is currently being used to replace mercury in thermometers [4] . Galinstan on the other hand oxidizes fairly quickly in air. The oxidized film tends to wet and stick to almost any surface it comes in contact with. This makes Galinstan very challenging to be manipulated. In our current implementation we address these issues by placing Galinstan in a Teflon environment as shown in Fig. 1 .
In particular, the switch is constructed by bonding a microchannel above and perpendicularly to the CPW transmission line. The channel is filled with Teflon-solution and Galinstan. Teflon naturally coats Galinstan with a very thin layer thus preventing it from oxidizing and from sticking to any surface. When Galinstan flows over the CPW line it does not directly contact the solid metals due to this thin Teflon layer. This allows it to act as a shunt capacitor which shorts the RF signal. When Galinstan is flown away from the CPW line, the RF signal can propagate through the line with minimum loss since the RF field tends not to interact with the Teflon solution.
To quantitatively predict the on-state shunt capacitance, it is assumed that the thickness of the thin Teflon layer is h, the 1-4244-0688-9/07/$20.00 C 2007 IEEE channel width is W, the center line width of the CPW is A, and the width of each ground plane is B. The equivalent shunt capacitance can therefore be approximated with the parallelplate formula
where Er = 1.93 and Eo = 8.854 x 10-12 F/m are the dielectric constant of the Teflon solution and the free-space permittivity respectively. It is also to be noted that the current implementation is based on external actuation of the Galinstan slug. Future implementations will accommodate electrostatic actuation or on-wafer pumps.
FABRICATION PROCESS
The fabrication process includes four parts: CPW line fabrication, channel construction, channel bonding and mounting of external microtubes to allow the Teflon/Galinstan solution in the microchannel.
A. CPW Line Fabrication
As shown in Fig. 2a , a high resistivity silicon wafer with a 3000A thermal oxide layer is used as the substrate. A 500A/12000A/500A Ti/Au/Ti layer is first deposited and patterned to form the 60/100/60-,um CPW transmission line.
Then, the wafer is coated with a 5000A SiO2 layer by a PECVD process. This layer is important for the later attachment of the microchannel as explained later in this section. However, the SiO2 layer covering the CPW in the channel is subsequently wet-etched.
B. Channel Construction
The microchannel with width/height 500/350-,um respectively is made of poly(Dimethyl) Siloxane (PDMS). PDMS is widely employed to implement microchannels in BioMEMS and microfluidic applications [5] . The 500,um width effectively defines the value of the desired shunt capacitance. The height is defined such that the channel and the external tubes can have similar cross sectional areas. This is designed to keep the flow continuity between the external tubes and the channel.
The PDMS used is the Dow Corning's SYLGARD 184 silicone elastomer kit. It contains two parts: base and curing agent. With 10:1 mixture respectively, PDMS is cured on a 90°C hotplate.
To build the channel, a reverse mold is needed as shown in Fig. 2b . PDMS is first mixed and poured onto the mold. After approximately one hour, any bubbles in the PDMS will have escaped. The PDMS and the mold is then placed on a 90°C hotplate and cured overnight. Finally, the channels are peeled off and separated.
The mold is built by the Stereolithography Apparatus (SLA) at Purdue University [6] . The proved that this mold does not stick to cured PDMS which greatly facilitates the process.
In order to flow liquid into the channel, two external microtubes are designed to connect to the ends of the channel. Therefore, in the mold design, microcylinders with diameter slightly larger than the inner diameter (ID) of the tubes are built as shown in Fig. 2b . They are then mounted with short auxiliary tubes before PDMS pouring. After PDMS curing, these tubes are easily removed which creates the necessary holes for the actual external tubes to be inserted. 
C. Channel Bonding
Studies have shown that PDMS can bond to PDMS, silicon, and silicon dioxide by using oxygen plasma [7] . In Fig.  2c , the channel and the CPW substrate are cleaned by IPA before plasma treatment to provide a clean surface. They are subsequently treated with a 20-W, Ar/02 plasma for 20 seconds only in order to obtain maximum bonding strength. Finally, the channel and the CPW substrate are aligned and bonded.
D. External Tube Mounting
Teflon tubes with outer diameter (OD) of 1.1mm and inner diameter (ID) of 500,um are employed as the external tubes to flow the liquid in/out the microchannel. These tubes are fit to the holes at the ends of the channel and sealed by a small amount of PDMS as shown in Fig. 2d. Fig. 3 shows a picture of the complete structure. Microtubes with ID of 200,um or smaller can also be readily used.
IV. MEASUREMENTS
A. Liquid Metal Flow Observation Fig. 4 shows the consecutive photos of the Galinstan movement in the microchannel. It is observed that Galinstan does not stick to the channel since it is surrounded by the Teflon solution. The Teflon solution used is Teflon AF 400S1-100-1, 1% Teflon powdered resin dissolved in 3M FC-75, from DuPont. The boiling point of the solution is above 102°C. For higher temperature applications, Teflon powdered resin could be dissolved in other 3M Fluorinert liquids. For example, the boiling point of 3M FC-70 is 215°C.
B. RF Performance
All measurements are performed by a conventional on-wafer RF measurement set-up using Agilent 8510C vector network analyzer calibrated from 2 to 100GHz using the TRL method.
The off-state switch loss (when Galinstan is moved away from the CPW line) is due to a) the loss of the 1.5mm 60/100/60-,um CPW line, b) the PDMS channel, and c) the Teflon AF solution. In order to estimate the effect of each one of these contributions we measured and compared the following three structures:
. 1500-,um long CPW line. Regarding the on-state RF performance, the isolation of the switch shown in Fig. 6 is greater than lOdB from 4 to OOGHz and 20dB from 20 to 1OOGHz. By using Agilent ADS simulation tool with a simple shunt capacitor model, the shunt capacitance of the switch can be extracted to be 4pF. In order to estimate the thickness of the Teflon solution between the Galinstan and the CPW line, Ansoft HFSS is used to match the measured result. The simulated model is shown in Fig. 7 . The thin layer of Teflon solution between the Galinstan and the CPW defines the shunt capacitance of the switch. With the dielectric constant 1.93 of the Teflon solution, the thickness of that thin layer is obtained to be 180nm. This layer naturally forms when Galinstan is surrounded with Teflon solution.
V. CONCLUSION
The first non-toxic liquid metal shunt capacitive switch is demonstrated in this paper. The switch is based on a liquid metal segment flowing in the channel above a CPW line. The on-state shunt capacitance, 4pF, is achieved with a 60/100/60-,um CPW line and a 500-,um wide channel. The on-state insertion loss of the switch is nearly equal to the loss of the transmission line. The switch is designed for very wide-band application from 2 to 1OOGHz. 
